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to eliminate gaps and discontinuities in the output data during
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climinated from the output by performing the ECC compu-
tation on one cache portion while the other 1s being output.
The data register may also be organized 1n two portions cor-
responding to the cache portions, so that data may be trans-
terred to one cache portion while the other 1s being output. In

a variation, the continuous page read may be done without
ECC.
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METHOD AND APPARATUS FOR READING
NAND FLASH MEMORY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to flash memory, and more
particularly to methods and apparatus for reading NAND
flash memory.

2. Description of Related Art

NAND Flash memory has become increasingly popular
due to its significant cost advantage. One measure of cost of
Flash memory 1s memory cell area, wherein the memory cell
area 1s commonly expressed in terms of F*2. The F, com-
monly called feature size, 1s usually the technology node. In
other words, F 1s 58 nm for 58 nm technology node and F 1s 46
nm for 46 nm technology node. The NAND Flash memory
cell size of 4F*2 1s significantly smaller than other competing
technologies such as NOR Flash memory, which has a cell
s1ze 1n the range of about 12F*2 through 13F*2.

Another segment of Flash memory with good growth has
been the Senial Peripheral Interface (*“SPI”) segment. One
reason for the popularity of serial NOR Flash memory with

SPI 1s low pin count (e.g. pins CS/, CLK, DI, DO for single-
bit SPI). The availability of serial NOR Flash with SPI in
small and nexpensive packages such as the 8-pin package
enables significant board space savings. Moreover, the serial
NOR Flash products with SPI have been designed on NOR
Flash technology to accommodate applications requiring fast
data fetch from random address. The NOR Flash inherently
provides fast random read speed due to larger cell current. In
contrast, NAND Flash has large initial latency and therefore
NAND Flash 1s better suited for applications with sequential
access ol data, icluding but not limited to code shadowing.
The slow random read speed of NAND Flash 1s due to very
small cell current mnherent in NAND Flash, due to multiple
cells (e.g. 32 cells) connected 1n series in a NAND string.

As scaling of NOR Flash technology has slowed down,
serial NAND Flash products with SPI have become available
because of the memory cell area advantage. FIG. 1 illustrates
a NAND memory array 19 and associated page buiier 10 1n a
single-plane architecture. The page butler 10 has two regis-
ters, a data register (“DR”) 16 and a cache register (“CR™) 14.
Theuse ofthe cache register 14 along with the data register 16
allows for cache operation, which achieves increased read
thru-put 1n the following manner.

On the 1ssuance of a page read (“PR”) command, Page-0
data 1s transferred from the specified page, shown as page 18,
to the data register 16, typically in about 20 us. While suc-
cessive PR commands may be used to read sequential pages
from memory, each page read incurs a 20 us delay. These
successive 20 us delays may be masked by using the page read
cache mode (“PRCM”) command. ON the issuance of a
PRCM command after the PR command, the Page-0 data 1n
the data register 16 1s very quickly transferred to the cache
register 14, typically 1n a maximum time of 3 us, from which
it 1s read out to adata bus 11. Issuance of the PRCM command
also starts a transfer of Page-1 data from the next sequential
page (not shown) to the data register 16, sitmultaneously with
the output of the Page-0 data from the cache register 14. After
Page-0 data has been read out from the cache register 14,
another PRCM command may be 1ssued. This second PRCM
command transiers Page-1 data from the data register 16 to
the cache register 14 1n typically a maximum time of 3 us,
from which the Page-1 data is read out onto the data bus 11.
The second PRCM command also transiers the Page-2 data
from the next sequential page (not shown) to the data register
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16, simultaneously with the output of the Page-1 data from
the cacheregister 14. In this manner, sequential pages are read

out by 1ssuing multiple PRCM commands. Although gaps of
up to 3 us are present between data read from successive
pages, throughput 1s nonetheless greatly improved by cache
read operation.

Unfortunately, cache read operation contlicts with on-chip
implementations of Error Correction Code (“ECC”). ECC 1s
commonly used in NAND Flash because the inherent cycling
(endurance) of NAND Flash 1s not as good as that of NOR
Flash. ECC may be performed on-chip or externally by a host
controller. External ECC by a host controller 1s quite effective
for masking random single (or few) bit error(s) in the NAND
Flash. The number of bits which can be corrected depends on
the choice of ECC algonthm (e.g. Hamming, BCH, Reed-
Solomon, or another appropriate ECC algorithm) used by the
host controller. However, external ECC provided by a host
controller 1s a burden on the host. Some recent NAND Flash
devices include ECC on the NAND Flash chip 1tself, referred
from herein as “on-chip ECC.” The on-chip ECC performs
ECC computation and provides the correction of wrong
bit(s). However, 1n those implementations of NAND Flash
memory which use the cache register for the ECC computa-
tion, read-out of page data from the cache register cannot be
done while ECC computations are in process. While such
ECC NAND Flash memory devices may be read using the
standard PR command, a long wait 1s incurred which includes
the time to transier page data to the page buliler and the time
tor ECC to be performed. While ECC computation time var-
ies depending on the algorithm and implementation, a 20 us
computation time 1s not uncommon. In such a case, every PR
command, even for sequential pages, incurs a wait time of
about 40 us, specifically 20 us for page data transier to the
page butler and 20 us for the ECC computation, before page

data can be read out. This delay 1s a significant penalty in read
thru-put due to on-chip ECC.

BRIEF SUMMARY OF THE INVENTION

One embodiment of the present invention 1s a method for
outputting a plurality of pages of data from a NAND memory
array to a data bus through a data register and a cache register
associated with the NAND memory array, comprising storing
NAND memory array data in the data register, the data reg-
1ster being organized 1n a plurality of portions, and the cache
register being organized 1n a plurality of portions correspond-
ing to the portions of the data register; outputting data from
the cache register portions, seamlessly and in alternation;
while outputting data from a first one of the cache register
portions, providing data to one of the cache register portions
other than the first portion from the corresponding portion of
the data register and performing an ECC computation
thereon; and while outputting data from a second one of the
cache register portions, providing data to one of the cache
register portions other than the second portion from the cor-
responding portion of the data register and performing an
ECC computation thereon.

Another embodiment of the present invention 1s a method
for providing a continuous data output from a NAND
memory array to a data bus through a page butfer, the page
builer having a data register and a cache register, comprising;:
storing NAND memory array data 1n the data register; trans-
ferring a first portion of data from a first portion of the data
register to a first portion of the cache register; subsequent to
the first data portion transferring step, performing a first ECC
computation on data 1n the first cache register portion; sub-
sequent to the first ECC computation performing step, out-
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putting data from the first cache register portion to the data
bus; transferring a second portion of data from a second
portion of the data register to a second portion of the cache
register; subsequent to the second data portion transierring
step, performing a second ECC computation on data in the
second cache register portion; and subsequent to the second
ECC computation performing step, outputting data from the
second cache register portion to the data bus. The first cache
register portion outputting step and the second cache register
portion outputting step are performed continuously and in
alternation; the first ECC computation performing step is
performed during the second cache register portion output-
ting step; and the second ECC computation performing step 1s
performed during the first cache register portion outputting,
step.

Another embodiment of the present invention 1s a flash
memory comprising: a NAND flash memory array having
word lines and bit lines; a row decoder coupled to the NAND
flash memory array; a data register coupled to the NAND
flash memory array; a cache register coupled to the data
register; an ECC circuit coupled to the cache register; a col-
umn decoder coupled to the cache register; and a control
circuit coupled to the row decoder, the column decoder, the
data register, the cache register, and the ECC circuit. The
cache register 1s organized 1n a plurality of portions, and the
data register 1s organized 1n a plurality of portions respec-
tively corresponding to the cache register portions. The con-
trol circuit comprises logic and memory elements for execut-
ing the functions of: reading data from the NAND flash
memory array to the data register; transferring data from the
data register portions to the respective cache register portions,
in alternation; performing error correction with the ECC cir-
cuit on data in the cache register portions 1n alternation, to
provide ECC processed data 1n the cache register portions;
and outputting the ECC processed data from the cache regis-
ter portions to the control circuit, scamlessly and 1n alterna-
tion; wherein execution of the data transferring function and
the ECC processed data outputting function for a particular
one of the cache register portions 1s adapted for different
times; and wherein execution of the error correction perform-
ing function and the ECC processed data outputting function
for a particular one of the cache register portions 1s adapted
for different times.

Another embodiment of the present invention 1s a NAND
flash memory comprising: a NAND flash memory array; a
row decoder coupled to the NAND flash memory array; a one
page data register coupled to the NAND flash memory array;
a page ol transmission gates; a one page cache register
coupled to the data register through the transmission gates; a
column decoder coupled to the cache register; and a control
circuit coupled to the row decoder, the column decoder, the
data register, the cache register, and the transmission gates. A
first group of the transmission gates, and a second group of the
transmission gates distinct from the first group, are separately
and independently controllable. In a vanation, the NAND
flash memory further comprises an ECC circuit coupled to the
cache register.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FI1G. 1 1s a schematic functional block diagram of an illus-
trative implementation of a NAND memory array and page

butler of the prior art.
FI1G. 2 1s a schematic functional block diagram of a NAND
memory device.
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FIG. 3 1s a schematic functional block diagram of an 1imple-
mentation of a NAND memory array and page builer in a

particular operating condition.

FIG. 4 1s a schematic functional block diagram of the
NAND memory array and page builer implementation of
FIG. 3 1n another operating condition.

FIG. 5 1s a schematic functional block diagram of the
NAND memory array and page builer implementation of
FIG. 3 1n yet another operating condition.

FIG. 6 1s a schematic functional block diagram of the
NAND memory array and page builer implementation of
FIG. 3 1n yet another operating condition.

FIG. 7 1s a flowchart showing a continuous page read
operation with ECC.

FIG. 8 1s a timing wavelorm diagram of a continuous page
read operation with ECC.

DETAILED DESCRIPTION OF THE INVENTION,
INCLUDING THE BEST MODE

Page buffer for a NAND memory array 1s suitably orga-
nized and operated to eliminate gaps and discontinuities in
the output data during a continuous page read aiter the nitial
page read. The page buller includes a data register for recev-
ing page data transierred from the NAND memory array, and
a cache register for receiving page data transferred from the
data register, thereby freeing up the data register to receive a
subsequent page of data from the NAND memory array with-
out causing any gaps or discontinuities in the data output from
the cache register. As used herein, the term “transfer’ refers to
transmission of data from a source to a destination, and does
not concern the disposition of the data at the source, which
data may be remain undisturbed, deleted, refreshed, rewrit-
ten, modified, or otherwise treated. The cache register may be
organized 1n two or more portions, and the page data 1n the
cache register may be output continuously from the cache
portions 1n alternation. In a two-portion implementation, for
example, portion A may be output, then B, then A, then B, and
so forth. In a three-portion implementation, for example, A
may be output, then B, then C, then A, then B, then C, and so
forth. ECC computation delay may be eliminated from the
output by performing the ECC computation on one cache
portion while another 1s being output. The data register may
also be organized in two or more portions corresponding to
the cache portions. Page data transfer delay from the data
register to the cache register may be eliminated from the
output by transierring the page data between the data register
portions and the cache register portions in alternation, so that
one page data portion 1s being transierred while another page
portion 1s being output. In this manner, a continuous page
read may be performed with ECC and without any gaps or
discontinuities 1n the output between respective portions of

the page data or between the page data across pages and
blocks.

While performing ECC on-chip in a NAND memory
device without any gaps or discontinuities in the output dur-
ing a continuous page read 1s particularly advantageous, other
variations may be useful as well. In one such variation, on-
chip ECC 1s not done but the organization of the data register
and the cache register respectively 1n two or more portions 1s
retained so that a continuous page read may be performed
without any gaps or discontinuities 1n the output.

FIG. 2 1s a schematic functional block diagram of a NAND
memory device 20 which includes a NAND array 40 and
associated page buller 38. The NAND array 40 includes word
(row) lines and bit (column) lines, and any desired NAND
technology may be used for the memory cells of the NAND
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array 40. The page buifer 38 includes a one-page data register,
a one-page cache register, and one page of transmission gates
for copying data from the data register to the cache register.
Any suitable latch or memory technology may be used for the
data register and the cache register; illustratively a latch may
be 1mplemented as back-to-back connected inverters. Any
suitable gating technology may be used for the transmission
gates; 1llustratively a transmission gate may be implemented
as a CMOS transmission gate. The data register and the cache
register may be organized in any desired number of respect
portions by, for example, the manner in which the transmis-
sion gates are wired and operated to control transmission of
data. Illustratively, the data register and the cache register
may be organized 1n respective portions and operated 1n alter-
nation by using respective groups ol transmission gates con-
trolled by respective control lines. The data register and the
cache register of the page buffer 38 may be operated 1n a
conventional manner by applying the same control signal to
both transmission gate control lines, or may be operated in
alternation by applying suitable timed control signals to the
transmission gate control lines. Illustratively 1n a two portion
implementation 1n which a page 1s 2K Bytes, a halt-page (1K)
of transmission gates may be controlled by one control line
and the other half-page (1K) of transmission gates may be
controlled by another control line, thereby organizing the data
register and the cache register 1n two half-page (1K) portions.
Because of the operation of two portions in alternation, a
two-portion implementation of the page builer 38 may be
referred to as a “ping pong” butfer. This manner of organizing
the data register and cache register into portions 1s 1llustrative,
and other techniques may be used if desired.

As also shown 1n FIG. 2, the NAND memory device 20
may include various other circuits to support memory pro-
gramming, erase and read, such as row decoder 34, column
decoder 36, 1/0 control 22, status register(s) 24, command
register 26, address register 28, logic control 30, and high
voltage generators 32. While the NAND memory device 20
may be packaged in any desired manner and may have any
type of interface, including conventional NAND memory
device imterfaces, the logic control 30 illustratively imple-
ments the SPI and QPI protocols, including the multi-10 SPI
interface. Additional detail on QPI and the SPI interface and
on the circuits related to the memory arrays may be found 1n
U.S. Pat. No. 7,558,900 1ssued Jul. 7, 2009 to Jigour et al., and
in a publication by Winbond Electromics Corporation,
W250Q64DW: SpiFlash 1.8V 64M-Bit Senial Flash Memory
with Dual/Quad SPI & QPI: Preliminary Revision C, Hsin-
chu, Tatwan, R.O.C., Jan. 13, 2011, which hereby are incor-
porated herein 1n their entirety by reference thereto.

While the NAND memory device 20 1s organized and
operated to perform a continuous read operation and on-chip
ECC 1n a single-plane NAND Architecture, this architecture
1s 1llustrative and variations thereotf are contemplated. While
the example of a 2 KB Page size 1s used throughout this
document, 1t will be appreciated that the page and block sizes
are 1llustrative and may be different if desired. The page 1n a
NAND Flash specifies the granularity for programming (e.g.
2K Bytes), and the block in NAND flash specifies granularity
for erasing (e.g. 128K Bytes). The page also specifies granu-
larity for reading data 1in standard NAND Flash. Moreover,
the specific size reference 1s not to be taken literally, since the
actual page size may vary depending on design factors; for
example, the term may include a 2,048 Byte main area plus an
additional 64 Byte spare area, where the spare area 1s used for
storing ECC and other information such as the user meta-
data. In the same way, the term 1 KB may referto a 1,024 Byte
main area and a 32 Byte spare area. While the description
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herein 1s based upon a single-plane architecture for clarity, the
teachings set forth herein are equally applicable to multi-
plane architectures. A plane 1s the smallest unit that serves an
I/O request 1n a parallel fashion. When multiple physical
planes are used, they may share one or more word-lines so
that the memory system may service multiple I/O requests
simultaneously. Fach plane provides a page of data and
includes a corresponding data register of one page size and a
corresponding cache register of one page size. The techniques
described herein may be applied to each plane separately such
that each data register and cache register 1s orgamzed in
multiple portions, or may be applied to multiple planes such
that each data register and cache register 1s itself one portion
of a multiple page data register and cache register.

While a continuous read command may be expressed 1n
different ways, the term generally refers to a type of command
whose purpose 1s for reading through the whole or a desired

portion ol the memory array. In the case of the serial NAND
Flash device with SPI 20 shown in FIG. 2, for example, the
device 20 may be enabled by a CS/high to low transition,
followed by the 1ssuance of a continuous read command
which includes a start address during appropriate clock
cycles. After an assigned number of dummy clock cycles, the
data 1s read out from the serial NAND Flash device with SPI
20. The data may be read across page and block boundaries
without any gap or discontinuity, with the address automati-
cally incrementing by an on-chip address counter (not

shown).
FIG. 2 shows control signals CS/, CLK, DI, DO, WP/,

HOLD/ which are for the SPI interface. The standard SPI
Flash interface provides CS/ (chip select—complement),
CLK (clock), DI (senial data-in), and DO (serial data-out)
signals, along with optional signals WP/ (write protect—
complement) and HOLDY/ (hold—complement). The signifi-
cance of complement signal 1s only reversal of polarity, e.g.
CS/low state enables the SPI Flash chip. While the 1-bit serial
data bus (data-in through DI and data-out through DO) 1n the
standard SPIinterface provides a simple interface, 1t 1s limited
in achieving higher read thru-put. A multi-bit SPI interface
therefore evolved to additionally support dual (2-bit inter-
face) and/or quad (4-bit intertace) for increased read thru-put.
FIG. 2 also shows additional data bus signals for Dual SPI and
(Quad SPI operation, 1.e. I/O(0), I/O(1), I/O(2), and I/O(3), by
selectively redefining the function of four pins. In the Quad
SPI read operation, the appropriate read command may be
grven with 1-bit standard SPI interface through 1/0O(0), but
subsequent mterface for address and data-out 1s Quad based
(1.e. 4-bit data bus). In another version of Quad SPI, both read
command and address may be given with 1-bit standard SPI
interface through 1/0(0), but subsequent interface for data-
out 1s Quad based (i.e. 4-bit data bus). Optional dummy clock
cycles may be used between providing address and reading
out data. The Quad SPI read operation can output 4-bits of
data 1n a clock cycle as compared to output 1-bit of data 1n
standard SPI read operation, and therefore the Quad SPI read
operation can provide four times higher read thru-put. While
(Quad SPI read operation 1s used herein for explanation, the
teachings herein are equally applicable to the other modes of
operation, including but not limited to standard SPI, Dual
SPI, Quad Peripheral Interface (“QPI”) and Double Transfer
Rate (“D'TR”) read modes. In the QPI protocol, the complete
interface (command, address, and data-out) 1s done on 4-bit
basis. In the DTR protocol, the output data 1s provided on both
low-going and high-going CLK edge, rather than providing
output data only on low-going CLK edge as 1n Single Transter
Rate (“STR”) read mode operation.
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FIGS. 3-6 show a data bus 51 and a NAND array 62,
together with an illustrative implementation of a page butier
50. The page buifer 50 includes a data register that 1s orga-
nized in two portions 36 and 57, which may be referred to as
data register-0 (“DR-0") and data register-1 (“DR-1""). The °
page bulfer 50 also includes a cache register that 1s organized
in two portions 34 and 335, which may be referred to as cache
register-0 (“CR-0"") and cache register-1 (“CR-1"). There-
tore, the page bufler 50 may be thought of as having a first
portion which includes CR-0 54 and DR-0 56, and a second
portion which includes CR-1 35 and DR-1 57. In an illustra-
tive example, the page buffer may have a capacity of 4K
Bytes, divided mto two equal portions of 2K Byte capacity
cach. As such, the storage capacity for each of DR-056, DR-1
57,CR-054, and CR-13551s 1K Byte. DR may be used to refer
to afull 2K Byte data register (1.e. DR-0 56 plus DR-1 57) and
CR may beused to refer to a full 2K Byte cache register (CR-0

54 plus CR-1 55). A different size ol page buffer may be used

and/or a division of the page bulfer into two unequal portions 3¢
may be done 11 desired. Two sets of control signals may be
needed for two portions of the page buifer 50, unlike one set

of control signals needed for an undivided page butfer. Fur-
thermore differences between the logical and physical NAND
array does not affect teachings herein. For example, the 25
physical array may have two pages (even 2 KB page and odd

2 KB page) on one word line, so that a word line may be 4 KB

of NAND bit cells. For clarity, the description and drawings
herein are based upon the logical NAND array. Furthermore,
while the page bulfer 50 1s organized into 2 portions to sup- 30
port a continuous read operation, the change 1s transparent to
the user. The program operation may be done for standard
page size ol 2 KB, and standard read operation, e.g. command

to read the page data from cache after completing a page read
operation, may be also done for standard page size of 2 KB. 35
As such the mternal organization of the page builer 50 into
two portions 1s primarily for the continuous read operation,
and even then 1s such that 1ts internal division 1s transparent to
the user.

FIGS. 3-6 also 1illustratively show error correction circuit 40
52 (“ECC-0") which provides error correction of the contents
ol the cache register portion 54, and error correction circuit 53
(“ECC-1"") which provides error correction of the contents of
the cache register portion 55. The error correction circuits 52
and 53 may be based on any desired type of error correction 45
algorithm.

FI1G. 7 shows a flowchart for operating the page butler 50 to
achieve a continuous page read operation with ECC. The
various blocks shown 1n FIG. 7 correlate with various suc-
cessive operations shown i FIGS. 3-6. The time durations 50
specified for various operations shown 1n FIGS. 3-6 1s 1llus-
trative, and different time durations may be used depending,
on various design choices.

As shown 1n FIG. 3, the initial page 60 (Page-0) which 1s
specified 1n the continuous page read command 1s transferred 55
from the NAND array 62 to DR-0 and DR-1, the data register
portions 56 and 57 (block 702). The functional blocks
involved 1n this transfer are shaded with dots for clarity.
Ilustratively, 2 KB of data 1s transferred from page 60, which
1s Page-0 of the sequence, into DR-0 and DR-1. Illustratively, 60
the transfer may proceed 1 one 2 KB transier, although
control of the read transmission gates may be suitably modi-
fied so that the read may be done 1n 1 KB each transfers into
DR-0 and DR-1, which may or may not be simultaneous. The
time for a page read operation (1.e. time to transier page data 65
from a NAND array to a data register) 1s illustratively 20 us,
although the exact time may vary depending on such design
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factors as the sensing circuit, type of cell (single-level cell or
multi-level cell), and the technology node (such as 50 nm or
35 nm).

Next as shown in FIG. 4, a portion of the page data 1s
transterred from data register portion 56 (DR-0) to the cache
register portion 54 (CR-0), and an ECC computation 1s per-
formed on the page data portion 1n the cache register portion
54 (CR-0) (block 704). The time for the transfer from DR-0 to
CR-0 varies depending on design choices, but typically
ranges from about 1 us to about 3 us. The time required for the
error correction circuit 32 (ECC-0) to complete depends on
the choice of ECC algornithm, the internal data bus, the on-
chip timing oscillator period, and other design factors. Illus-
tratively, the error correction circuit 52 may complete 1n about
12 us. However, assuming the time budget for FIG. 4 to be 20
us and the time for the DR-0 to CRO transfer to be 2 us, the
error correction circuits 52 and 53 may be designed to com-
plete 1n 18 us or less.

In case of ECC error detected by ECC computation, the
ECC-0 block may overwrite wrong data in CR-0 with cor-
rected data during the ECC computation. In some cases, error
information detected by the ECC computation may be stored
in ECC-0 during the ECC computation and wrong data in
CR-0 may not be overwritten with corrected data during the
ECC computation. Alternatively, error information detected
by the ECC computation may be stored in ECC-0 during the
ECC computation, and wrong data in CR-0 may also be
overwritten with corrected data during the ECC computation.
The error mformation stored mn ECC-0 may include the
address of the wrong data, and both wrong data as well as
expected (correct) data. Various ECC algorithms are suitable

for use, including, for example, Hamming ECC algorithm,
BCH ECC algorithm, Reed-Solomon ECC algorithm, and

others. While two different ECC blocks ECC-0 and ECC-1
are shown 1n FIGS. 3-6 for clarity of explanation for respec-
tively mterfacing with CR-0 and CR-1, a single ECC block
may be used to interface with both CR-0 and CR-1. Using a
single ECC block may be advantageous 1n certain design
because of die size saving. On the other hand, 11 the gate count
tor the ECC circuit 1s small, for example on the order of a few
hundred gates, so that the area for the ECC block 1s small (e.g.
from about 0.1 mm~ to about 0.2 mm?), the use of two differ-
ent ECC blocks (e.g. ECC-0 and ECC-1) may be a suitable
design choice.

Next as shown 1n FIG. §, various essentially concurrent
operations may occur. In one such operation (FIG. 7, block
706), the Page-0 data 1n the cache register portion 54 (CR-0),
which has already gone through the ECC computation, 1s sent
to output through the data bus 51. While the path from the data
bus 51 to an output port 1s not shown in FIG. 5, such paths are
well known to a person of ordinary skill in the art. The
operations shown 1n FIG. 3 and FIG. 4 may be considered
initial latency, since the data 1s not ready for sending to output
until ECC computation shown 1n FI1G. 4 has been completed.
But the data in CR-0 1s ready for sending to output in FIG. 5,
since data in CR-0 has already completed ECC computation.
In the case of a Quad SPI continuous read operation, for
example, 4-bits of data out may be sent 1n every clock cycle.
The 4-bits data width 1s sometimes also referred to as nibble.
Assuming a clock frequency of 100 MHz, the CR-0 data (1
KB) may be sent out 1n about 20 us (Equation (1)), which 1s

consistent with the 20 us assumed for the operations of FIG.
5.

Time to read out CR-0(1KB): 1KBx&-bit/Bx1-nibble/
4-bitx1/100MHZ=20us (1)
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While 20 us for each step simplifies illustration, more
realistic time to read out CR-0 1s calculated as 19.69 us based

upon a 104 MHz clock and CR-0 data of 1024B, in accor-

dance with Equation (2). However, the figure of 20 us a
reasonable approximation.

Time to read CR-0(1024B): 1024Bx8-bit/Ax1-nibble/

4-bitx1/104MHZ=19.69us (2)

Although the output shown in FIG. 5§ sent out from the
cacheregister portion 54 1s the first output after initial latency,
data continues to be sent out from CR-0 and CR-1 1n succes-
s1ve ping-pong manner as may be seen by comparing FIG. 5
and FIG. 6, without any gaps or discontinuities 1n sending out
data. In other words, four bits of data 1s sent out 1n every clock
cycle of a Quad SPI continuous read operation aiter iitial
latency, until the user stops 1ssuing clock when the desired
amount of data has been recerved by the user. The data read
out may for each page include not only the 2048 Bytes of the
main page area, but also the 64 Bytes of spare area.

As further shown 1n FIG. 35, another of the essentially
concurrent operations involves transferring the portion of
page data in the data register portion 37 (DR-1) to the cache
register portion 35 (CR-1), and performing an ECC compu-
tation on the page data portion in the cache register portion 35
(CR-1) (FIG. 7, block 708). The time for the transfer from
DR-1 to CR-1 varies depending on design choices, but typi-
cally ranges from about 1 us to about 3 us. The time required
for the error correction circuit 53 (ECC-1) to complete
depends on the choice of ECC algorithm, the internal data
bus, the on-chip timing oscillator period, and other design
factors. Illustratively, the error correction circuit 52 may coms-
plete 1 about 12 us. However, assuming the time for CR-0
data to be sent out to be 20 us and the time for the DR-1 to
CR-1 transfer to be 2 us, the error correction circuits 52 and 53
may be designed to complete in 18 us or less.

As further shown 1n FIG. 35, another of the essentially
concurrent operations mvolves transierring the next sequen-
tial 2 KB page of data 61 (Page-1) from the NAND array 62
to the data register portions 56 and 57 (DR-0 and DR-1) (FIG.
7, block 710). While much of this transfer 1s concurrent with
the operations shown 1n block 708, 1t begins after the DR-1 to
CR-1 transfer. Illustratively, the transter may proceed 1n one
2 KB transfer, although control of the read transmission gates
may be suitably modified so thatthe read may bedonein 1 KB
cach transfers into DR-0 and DR-1, which may or may not be
simultaneous. The time for a page read operation 1s 1llustra-
tively 20 us, although the exact time may vary depending on
such design factors as the sensing circuit, type of cell, and the
technology node.

While FIG. 5 shows various operations proceeding essen-
tially concurrently, not all operations need to proceed concur-
rently provided that gaps and other discontinuities in the
output data are avoided 1n accordance with the teachings set
forth herein.

Next as shown 1n FIG. 6, various essentially concurrent
operations may occur. In one such operation (FIG. 7, block
712), the Page-0 data 1n the cache register portion 55 (CR-1),
which has already gone through the ECC computation, 1s sent
to output through the data bus 51. Assuming a clock 1fre-
quency of 100 MHz, the CR-1 data (1 KB) may be sent out 1n
about 20 us.

As further shown 1n FIG. 6, another of the essentially
concurrent operations involves transferring the portion of
page data in the data register portion 36 (DR-0) to the cache
register portion 54 (CR-0), and performing an ECC compu-
tation on the page data portion in the cache register portion 54
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(CR-0) (FIG. 7, block 714). These operations proceed essen-
tially as described in the text associated with FIG. 4.

While FIG. 6 shows various operations proceeding essen-
tially concurrently so as to eliminate gaps and other discon-
tinuities, such operations need not proceed concurrently 1f the
timings of the operations 1s prohibitive and some discontinu-
ity 1n the output 1s acceptable.

The continuous page read operation continues by looping
back to block 706, and may be stopped by stopping the clock.
Alternatively, the continuous page read command may be
varied to stop after a predetermined number of page reads or
in any other manner desired by the designer.

Advantageously, the continuous page read command may
be a single command which causes reading through the whole
or a desired portion of the NAND memory array with no gap
or other discontinuity at page or block boundaries. This 1s
achieved by reading data out 1n a “ping-pong” manner, 1.€.
reading from CR-0 and CR-1 1n alternation. Essentially the
operations shown 1n FIG. 5 and FIG. 6 are repeated until the
whole or desired portion of the NAND memory array has
been read. After the initial latency, 1 KB data from CR-0 1s
sent to output, then 1 KB data from CR-1 1s sent to output 1n
a seamless manner, then 1 KB data from CR-0 1s sent to
output 1n a seamless manner, then 1 KB data from CR-1 sent
to output 1n a seamless manner, and so forth 1n this ping-pong
manner until the user has recerved the desired data and stops
the clock.

The page address 1s incremented automatically by an
address counter 1n the NAND Flash memory device. The
operations shown 1 FIG. 3 and FIG. 4 constitute initial
latency, which consistent with the other timing described,
may be about 40 us. After the initial latency, 4-bits of data 1s
sent out during each clock cycle 1in the example of a Quad SPI
read, until the user stops the clock. The ping-pong operation
takes place between the first page buller portion and the
second page buller portion, with the first page bufler portion
sending data to output while an ECC computation 1s being,
performed on the second page builer portion, and the second
page builer portion sending data to output while an ECC
computation 1s being performed on the first page butler por-
tion.

FIG. 8 1s a timing waveform diagram of a continuous page
read operation with ECC. Page read (PR) time and the times
for sending data from the first cache register portion to the
data bus (CR-0) and for sending data from the second cache
register portion to the data bus (CR-1) are each about 20 ps.
Assuming an ECC computation time of 12 us and a DR to CR
transier time of 2 us, a continuous read operation may be
maintained even when the page read operation takes up to 26
us. The potential increase in the page read time (from 20 us to
26 us) 1s shown by the addition of the dashed line wavetorms.
Accordingly, opportunity exists for trading oif between ECC
computation time and page read time, that 1s, the page read
time may be designed to be shorter 1f more time 1s needed for
the ECC computation, while the ECC computation time may
be designed to be shorter if more time 1s needed for the page
read.

A “continuous read” operation as used herein 1s different
from a typical “sequential read” operation which involves
issuing multiple page read cache mode (“PRCM™) com-
mands. The page read cache mode command does not support
on-chip ECC, and introduces about a 3 us waiting period 1n
the output data at page boundaries. Advantageously, as used
herein, a continuous read supports on-chip ECC and elimi-
nates all such gaps and discontinuities 1n the output data.

However, 11 desired for compatibility or other reasons, a
type of sequential read operation which supports on-chip
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ECC using a modified page read cache mode (“PRCM”)
command may be implemented 1n accordance with the teach-
ings set forth herein. The modified PRCM command 1s now
described for a two portion page buffer such as the ping-pong
page bufler 38 (FIG. 2), although the teachings also apply to
a page buller having more than two portions. In one 1mple-
mentation, the modified PRCM command assumes that one
portion of the cache register, for example, CR-0, contains
ECC-processed data, while the other portion of the cache
register, for example, CR-1, may or may not contain ECC-
processed data. The modified PRCM command also assumes
that the data register has corresponding portions DR-0 and
DR-1, and that at least DR-1 contains valid page data. The
modified PRCM command causes data in CR-0 to be output,
during which time the data from DR-1 1s copied into CR-1
and ECC 1s then performed on the data in CR-1. While ECC
1s being performed on the data 1n CR-1, the next page of data
1s read from the NAND memory array and stored in DR-0 and
DR-1. When the output of data from CR-0 1s complete, data
then 1s output from CR-1 with any gap or discontinuity. While
data in CR-1 1s being output, and after the page read has
completed, the data from DR-0 1s copied into CR-0 and ECC
1s then performed on the data in CR-0. ECC on the data 1n
CR-0 completes no later than completion of output from
CR-1. At this time, CR-0 contains ECC-processed data and
DR-1 contains valid page data, which are the 1mitial condi-
tions for the next modified PRCM command.

Various techniques may be used to initialize the page butfer
tor the modified PRCM command. Such techniques may also
be used with a modified continuous read command, which
can be modified to avoid any 1nitial latency by assuming that
the entire cache register contains ECC processed data, or as in
the case of the modified PRCM command, that CR-0 contains
ECC-processed data and DR-1 contains valid page data. Such
a modified continuous read command may output data imme-
diately after the user provides the command, address, and
optional dummy clocks, without any 1mitial latency. In one
illustrative nitialization techmque, a tull mitialization com-
mand causes a page read into the data register, a transfer of the
data from the data register to the cache register, and ECC
correction of the entire cache register. The latency introduced
by this technique may approach about 60 us depending on the
time required for the ECC processing. In an alternative illus-
trative technique, a partial initialization command causes a
page read into the data register, a transier of the data from the
data register to the cache register, and ECC correction of just
one portion of the cache register. The latency itroduced by
this technique may approach about 40 us depending on the
time required for the ECC processing.

In yet another variation, the cache register and the data
register may be organized in more than two portions; for
example, 1n three, four or more portions. The various opera-
tions may be carried out 1n alternation.

The description of the mnvention including its applications
and advantages as set forth herein 1s illustrative and 1s not
intended to limit the scope of the invention, which 1s set forth
in the claims. Vanations and modifications of the embodi-
ments disclosed herein are possible, and practical alternatives
to and equivalents of the various elements of the embodi-
ments would be understood to those of ordinary skill in the art
upon study of this patent document. Moreover, specific values
given herein are illustrative, and may be varied as desired.
These and other variations and modifications of the embodi-
ments disclosed herein, including of the alternatives and
equivalents of the various elements of the embodiments, may
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be made without departing from the scope and spirit of the
invention, including the invention as set forth in the following
claims.

The mvention claimed 1s:

1. A method for outputting a plurality of pages of data from
a NAND memory array to a data bus through a data register
and a cache register associated with the NAND memory
array, comprising:

storing NAND memory array data 1n the data register, the

data register being organized 1n a plurality of portions,
and the cache register being organized 1n a plurality of
portions corresponding to the portions of the data regis-
ter;

outputting data from the cache register portions, seam-

lessly and 1n alternation;
while outputting data from a first one of the cache register
portions, providing data to one of the cache register
portions other than the first portion from the correspond-
ing portion of the data register and performing an ECC
computation thereon; and
while outputting data from a second one of the cache reg-
1ster portions, providing data to one of the cache register
portions other than the second portion from the corre-
sponding portion of the data register and performing an
ECC computation thereon.
2. The method of claim 1 further comprising, while out-
putting data from a third one of the cache register portions,
providing data to one of the cache register portions other than
the third portion from the corresponding portion of the data
register and performing an ECC computation thereon.
3. A method for providing a continuous data output from a
NAND memory array to a data bus through a page buftler, the
page builer having a data register and a cache register, com-
prising:
storing NAND memory array data 1n the data register;
transierring a first portion of data from a first portion of the
data register to a first portion of the cache register;

subsequent to the first data portion transierring step, per-
forming a first ECC computation on data in the first
cache register portion;

subsequent to the first ECC computation performing step,

outputting data from the first cache register portion to the
data bus;

transierring a second portion of data from a second portion

of the data register to a second portion of the cache
register;

subsequent to the second data portion transierring step,

performing a second ECC computation on data in the
second cache register portion; and

subsequent to the second ECC computation performing

step, outputting data from the second cache register por-
tion to the data bus;

wherein the first cache register portion outputting step and

the second cache register portion outputting step are
performed continuously and in alternation;

wherein the first ECC computation performing step 1s per-

formed during the second cache register portion output-
ting step; and

wherein the second ECC computation performing step 1s

performed during the first cache register portion output-
ting step.

4. The method of claim 3 wherein:

the first data portion transferring step and the first ECC

computation performing step are performed during the
second cache register portion data outputting step; and
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the second data portion transferring step and the second
ECC computation performing step are performed during
the first cache register portion data outputtmg step.

5. The method of claim 4, further comprising reading a
page of data from the NAND memory array to the data reg-
ister other than during the first data portion transfer step and
the second data portion transier step.

6. The method of claim 4 wherein the first and second cache
register portion outputting steps are clocked by user-1ssued
clock cycles 1n response to a user-issued continuous read
command, further comprising continuously outputting data
in accordance with the first and second cache register portion
outputting steps in every consecutive one of the user-issued
clock cycles.

7. The method of claim 6 wherein the continuously output-
ting data step commences aiter an 1nitial latency period from
the user-1ssued continuous read command, the itial latency
period comprising time to read a page of data from the NAND
memory array to the data register and ECC computation time.

8. The method of claim 4 wherein the first cache register
portion outputting step and the second cache register portion
outputting step are repeated 1n an interleaved manner.

9. The method of claim 8 wherein

the first and second cache register portion outputting steps

are clocked by user-1ssued clock cycles 1n response to a
user-1ssued continuous read command, and

further comprising continuously outputting data in an

interleaved manner 1n accordance with the first and sec-
ond cache register portion outputting steps in every con-
secutive one of the user-1ssued clock cycles.

10. The method of claim 9 wherein the continuously out-
putting data step commences after an 1nitial latency period
from the user-i1ssued continuous read command, the 1nitial
latency period comprising time to read a page of data from the
NAND memory array to the data register and ECC computa-
tion time.

11. The method of claim 3, wherein at least one of the first
and second ECC computation performing steps comprises
overwriting wrong data with corrected data.

12. The method of claim 4, wherein at least one of the first
and second ECC computation performing steps comprises
overwriting wrong data with corrected data.

13. The method of claim 5, wherein time for the page
reading step, the first ECC computation performing step, and
the second ECC computation performing step 1s established
to be less than time for the first and second cache register
portion outputting steps.

14. A flash memory comprising;

a NAND flash memory array;

a row decoder coupled to the NAND flash memory array;

a data register coupled to the NAND flash memory array;

a cache register coupled to the data register;

an ECC circuit coupled to the cache register;

a column decoder coupled to the cache register;

a control circuit coupled to the row decoder, the column

decoder, the data register, the cache register, and the

ECC circuit;

wherein the cache register 1s orgamzed in a plurality of
portions, and the data register 1s organized 1n a plurality
of portions respectively corresponding to the cache reg-
1ster portions; and

wherein the control circuit comprises logic and register
clements for executing the functions of:

reading data from the NAND flash memory array to the

data register;

transierring data from the data register portions to the

respective cache register portions, 1n alternation;
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performing error correction with the ECC circuit on data
in the cache register portions in alternation, to provide
ECC processed data in the cache register portions;
and
outputting the ECC processed data from the cache reg-
1ster portions to the control circuit, seamlessly and 1n
alternation;
wherein execution of the data transferring function and
the ECC processed data outputting function for a par-
ticular one of the cache register portions 1s adapted for
different times; and
wherein execution of the error correction performing
tfunction and the ECC processed data outputting func-
tion for a particular one of the cache register portions
1s adapted for different times.

15. A NAND flash memory comprising:

a NAND flash memory array;

a row decoder coupled to the NAND flash memory array;

a one page data register coupled to the NAND flash

memory array;

a page ol transmission gates;

a one page cache register coupled to the data register

through the transmission gates;

a column decoder coupled to the cache register; and

a control circuit coupled to the row decoder, the column

decoder, the data register, the cache register, and the
transmission gates, wherein a first group of the transmis-
sion gates, and a second group of the transmission gates
distinct from the first group, are separately and indepen-
dently controllable.

16. The NAND tlash memory of claim 15 further compris-
ing an ECC circuit coupled to the cache register, the control
circuit further being coupled to the ECC circuit.

17. The NAND flash memory of claim 16 wherein essen-
tially half of the page of transmission gates are disposed 1n the
first group, and essentially half of the page of transmission
gates are disposed 1n the second group.

18. The NAND flash memory of claim 17 wherein the
control circuit comprises logic and register elements for
executing the functions of:

reading data from the NAND flash memory array to the

data register;

transferring data from the data register to the cache register

in respective first and second portions corresponding to
the first and second groups of transmission gates, 1n
alternation;
performing error correction with the ECC circuit on the
first and second portions of data 1n the cache register, 1n
alternation, to provide respective first and second por-
tions of ECC processed data 1n the cache register; and

outputting the first and second portions of ECC processed
data from the cache register to the control circuit, seam-
lessly and 1n alternation;

wherein execution of the data transferring function and the

error correction performing function for the first portion
of data in the cache register are adapted for execution
during the ECC processed data outputting function for
the second portion of ECC processed data in the cache
register; and

wherein execution of the data transferring function and the

error correction performing function for the second por-
tion of data 1n the cache register are adapted for execu-
tion during the ECC processed data outputting function
for the first portion of ECC processed data 1n the cache
register.
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